Aminoacyl-tRNA synthetases (ARSs) establish the rules of the genetic code, whereby each amino acid is attached to a cognate tRNA. Errors in this process lead to mistranslation, which can be toxic to cells. The selective forces exerted by species-specific requirements and environmental conditions potentially shape qualitycontrol mechanisms that serve to prevent mistranslation. A family of editing factors that are homologous to the editing domain of bacterial prolyl-tRNA synthetase includes the previously characterized trans-editing factors ProXp-ala and YbaK, which clear Ala-tRNA Pro and Cys-tRNA Pro , respectively, and three additional homologs of unknown function, ProXp-x, ProXp-y, and ProXp-z. We performed an in vivo screen of 230 conditions in which an Escherichia coli proXp-y deletion strain was grown in the presence of elevated levels of amino acids and specific ARSs. This screen, together with the results of in vitro deacylation assays, revealed Ser-and Thr-tRNA deacylase function for this homolog. A similar activity was demonstrated for Bordetella parapertussis ProXp-z in vitro. These proteins, now renamed "ProXp-ST1" and "ProXp-ST2," respectively, recognize multiple tRNAs as substrates. Taken together, our data suggest that these free-standing editing domains have the ability to prevent mistranslation errors caused by a number of ARSs, including lysyl-tRNA synthetase, threonyl-tRNA synthetase, seryl-tRNA synthetase, and alanyl-tRNA synthetase. The expression of these multifunctional enzymes is likely to provide a selective growth advantage to organisms subjected to environmental stresses and other conditions that alter the amino acid pool.
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aminoacyl tRNA synthetase | protein synthesis | ProXp | quality control | trans-editing A high level of accuracy in protein synthesis is essential for normal cell function and proliferation. A critical step in this process is pairing the correct amino acid with the cognate tRNA species by aminoacyl-tRNA synthetases (ARSs). ARSs catalyze the aminoacyl-tRNA (aa-tRNA) formation in two steps involving amino acid activation (step 1) and transfer of the activated amino acid to tRNAs (step 2). Although ARSs have evolved to exhibit specific tRNA-recognition capabilities with an estimated error frequency of 10
, a greater number of mistakes arise from the lack of discrimination of near-cognate amino acids, with an estimated error rate of 10 −4 to 10 −5 at this step (1) . Misincorporation of amino acids into proteins can be harmful to both eukaryotic and prokaryotic cells (2, 3) .
Quality control of aa-tRNA formation is achieved by hydrolysis of the aminoacyl-adenylate ("pre-transfer editing") or deacylation of the mischarged aa-tRNA ("post-transfer editing") (4, 5) . Editing mechanisms are used by both classes of ARSs, and 7 of 22 ARSs possess posttransfer editing sites that are distinct from the aminoacylation active site. The connective polypeptide 1 editing domain is found in class I isoleucyl-tRNA synthetase (IleRS) (6) , leucyl-tRNA synthetase (LeuRS) (7, 8) , and valyl-tRNA synthetase (ValRS) (9) . Editing domains of class II ARSs are more diverse and include the N-terminal domain of threonyl-tRNA synthetase (ThrRS) (10), the related editing domain of alanyl-tRNA synthetase (AlaRS) (11) , the β3/ β4 domain of phenylalanine-tRNA synthetase (12) , and the insertion domain (INS) of prolyltRNA synthetase (ProRS) (13, 14) . Mutations in editing domains can have detrimental effects on cells. For example, a mutation in the editing site of AlaRS, which results in only a twofold increase in misacylation in vitro, results in a severe neurodegeneration phenotype in mice (15) . Cellular degradation and apoptosis caused by a mutation in the editing domain of ValRS have been reported in murine cells (16) . In addition, editing defects in bacteria often result in slower growth rates, delayed growth, or even death (17) (18) (19) (20) (21) (22) .
In addition to the cis-editing domain appended to ARSs, freestanding homologs of editing domains are distributed throughout organisms in all three kingdoms of life as additional checkpoints to maintain translational fidelity in trans. Autonomous trans-editing factors that are evolutionarily related to three class II ARSs, namely, AlaRS, ThrRS and ProRS, have been identified. A homolog of the AlaRS editing domain, AlaXp, is widely distributed and is shown to hydrolyze seryl-tRNA synthetase (Ser-tRNA Ala ) (23, 24) . ThrRS-ed is an autonomous editing domain of SertRNA Thr in crenarchaeal genomes where thrS genes are truncated (25) . Bacterial ProRS INS domain homologs include five proteins Significance A key step in protein synthesis is catalyzed by aminoacyl-tRNA synthetases (ARSs), which attach specific amino acids to tRNAs. Errors caused by ARS amino acid misactivation require proofreading activities encoded in editing domains. Approximately half of the ARSs possess intrinsic editing functions, and single-domain editing proteins also are encoded in some organisms. The present study used an in vivo screen coupled with in vitro assays to elucidate the substrate specificity of two free-standing editing domains, revealing that they are multifunctional Ser/Thr-tRNA deacylases with the ability to prevent errors caused by a number of ARSs. Trans-editing proteins with broad substrate specificities provide a growth advantage to microbes under conditions in which amino acid pools are altered and may represent novel targets.
previously named "YbaK," "ProXp-ala," "ProXp-x," "ProXp-y" (annotated YeaK), and "ProXp-z" (annotated PA2301) (Fig. 1) (26) . These domains together with the INS domain of ProRS are collectively known as the "INS superfamily." Although the INS domain edits mischarged Ala-tRNA Pro (13, 14) , YbaK deacylates Cys-tRNA Pro (27) , which is formed in the active site of ProRS because of the similar size of Cys and Pro (28) . ProXp-ala is capable of clearing Ala-tRNA Pro and compensates for the lack of an INS posttransfer editing domain in many bacteria (23, 26) . Functions for ProXp-x, -y, and -z have not yet been reported. Here, for the first time to our knowledge, we explore the in vivo and in vitro substrate specificities of ProXp-y and ProXp-z. These two domains are phylogenetically distinct (26) and differ in length and in the identity of several highly conserved residues. Most notably, proXp-y encodes a functionally critical Lys residue that is present in all other INS superfamily members with the exception of proXp-z, which instead contains a strictly conserved Asn (26) .
Results
Effect of Escherichia coli proXp-y Deletion on Cell Growth in the Presence of Elevated Amino Acid Levels. We first tested the in vitro editing activities of E. coli ProXp-y using Pro-, Ala-, and Cys-tRNA Pro . However, no deacylation activity was detected for these substrates (Fig. S1 ).We next took advantage of the availability of an E. coli proXp-y-null strain (Keio collection) to screen for conditions under which growth defects in the null strain could be observed. We hypothesized that increased expression of certain error-prone synthetases together with elevated levels of a near-cognate amino acid may amplify any growth defect caused by mistranslation in the null strain. The WT and proXp-y-null strains were transformed with overexpression plasmids encoding each of the E. coli class II ARS genes. The E. coli genome encodes two class II lysyl-tRNA synthetase (LysRS) genes, constitutive lysS and stress-inducible lysU. The two corresponding enzymes share 88% identity but possess different affinities for Lys and different thermostabilities (29) . The mischarging activities of these two LysRS isoforms have not been investigated extensively, and both were included in our screen. Among the 231 growth conditions screened, growth defects were observed in the null strain in the presence of Ser when AlaRS and LysU were overexpressed and with Thr when LysS and LysU were overexpressed ( Fig. 2 and Table S1 ). Upon the addition of 10 mM Ser alone, a much smaller growth defect was observed in the proXp-y-null strain (Fig. S2A) , whereas without the amino acid addition, overexpression of AlaRS, LysS, and LysU delayed growth in the WT and proXp-y-null strains to the same extent ( Fig. S2 B-D) .
To confirm that intracellular amino acid concentrations were elevated when excess Ser and Thr were added to the extracellular medium, we used an LC-MS/MS approach (SI Experimental Procedures). The intracellular Ser concentration was elevated 3-to 10-fold, whereas the Thr concentration was increased ∼1.5-fold when 10 mM of each amino acid was added to the medium (Fig. S3 ). To confirm that the growth defects observed in Fig. 2 were caused by the lack of ProXp-y function, we performed a complementation assay. As shown in Fig. S2 E and F, the growth difference was abolished when both WT and null strains were grown in the presence of elevated amino acids and overexpressed ARS and ProXp-y. Taken together, these results indicate that growth defects were observed for the proXp-y-null strain in the presence of an altered intracellular amino acid pool and elevated ARS levels and suggest that ProXp-y is likely to function in aa-tRNA quality control. Interestingly, addition of homoserine (Hse) to the growth medium, which was tested because of its structural similarity to both Ser and Thr, also resulted in a phenotype when LysS, LysU, and seryl-tRNA synthetase (SerRS) were overexpressed (Table S1 ). In all cases, the main difference in growth observed in the WT and null strain was a difference in the lag phase before exponential growth. This effect is similar to growth defects observed with editing-deficient synthetases (22, 30) .
AlaRS is known to misactivate Ser (31), and LysRS has been reported to misactivate Ser, Thr, and Hse (32) . Although E. coli SerRS has been reported not to misactivate Hse (33), we observed weak mischarging of tRNA Ser in the presence of 5 mM Hse (Fig. S4 ). The differences observed between the WT and proXp-y-null strains in Fig. 2 and Table S1 suggest roles for ProXp-y in editing tRNAs mischarged by LysRS, AlaRS, SerRS, and possibly ThrRS, which misactivates Ser (10). LysU overexpression appeared to result in a much larger growth defect than LysS overexpression. To explore these differences further, a dose-dependent analysis was carried out by varying the concentrations of added amino acids (Fig. S5 A-G). As summarized in Fig. 3A for the 5-mM concentrations of Ser, Thr, and Hse, the proXp-y-null strain expressing the stress-inducible lysU gene showed a dramatic increase in growth time to half-maximal OD 600 compared with the WT strain. The largest effect was observed for Hse, where no growth was observed with LysU in the null strain. SerRS overexpression in the proXp-y-null strain showed a similar growth defect in the presence of Hse. Taken together, these results indicate that LysU may be more error prone than LysS, and ProXp-y may be required under physiological conditions where the lysU gene is induced. To test this hypothesis, we grew cells in 1 mM Leu in the absence of ARS overexpression, because increased Leu is known to induce LysU expression (34) . We observe that the proXp-y-null strain displays a reduced growth phenotype even though ProXp-y does not edit Leu-tRNAs (Figs. S1 and S5H). This result is consistent with the requirement for ProXp-y under LysU overexpression conditions. If ProXp-y functions as a quality-control factor in vivo, we hypothesize that the editing-defective null strain would be hypermutagenic and therefore would develop antibiotic resistance more rapidly than the WT strain. To test this idea, halo assays were performed in the presence of three aminoglycoside antibiotics (neomycin, streptomycin, and kanamycin). Indeed, compared with the WT strain, the proXp-y-null strain showed a smaller clearing zone (Fig. 3B) . The reduced antibiotic sensitivity of the null strain is consistent with an editing function for ProXp-y and with the notion that when cells are stressed by ribosome ambiguity (i.e., antibiotics), the regulated expression of trans editing domains provides adaptive variation to sustain growth (17) .
In Vitro Deacylation by E. coli ProXp-y and Bordetella parapertussis ProXp-z. Based on the in vivo results using the proXp-y-null strain, we next examined the editing capability of both E. coli ProXp-y and the closely related ProXp-z in vitro. Because the later domain is not encoded in E. coli, we cloned and purified the homolog from B. parapertussis for these studies. For both proteins, moderate levels of deacylation were observed for mischarged Ser-tRNA Lys , Ser-tRNA Ala , and Hse-tRNA Lys , and more robust activities were measured for Thr-tRNA Lys (Fig. 4 A and B) . (Fig. 4 C  and D) . These results suggest the role of ProXp-y and ProXp-z as general deacylases with dual specificities for mischarged Ser/ThrtRNAs. To ensure that the various levels of deacylation observed for the different substrates tested in Fig. 4 are caused by different amounts of uncharged tRNA in the aa-tRNA preparations, we performed deacylation assays for both Ser-tRNA Lys and ThrtRNA Lys using ProXp-x and ProXp-y with various ratios of uncharged tRNA added to the reaction (Fig. S6 A and B) . The results clearly show that the presence of high amounts of uncharged tRNA is not inhibitory and does not impact the deacylation activity of ProXp-y or -z. S6 C and D) . However, the presence of even a substoichiometric amount of ThrRS protects Thr-tRNA Thr from hydrolysis, whereas excess ProRS does not. This result suggests that Thr-tRNA Thr is not deacylated by these two free-standing editing domains in a physiological context.
Deacylation Activity of ProXp-y and ProXp-z Toward aa-tRNA Ser . In contrast to the deacylation of Thr-tRNA
Thr by ProXp-y and ProXp-z, Ser-tRNA Ser is not cleared efficiently by ProXp-z, although it is a moderate substrate for ProXp-y (Fig. 5) . Compared with the deacylation of Ser-tRNA Lys , Ser-tRNA Ser is deacylated with a threefold and 50-fold reduced rate by ProXp-y and ProXp-z, respectively. In both cases, despite the cell-based results showing a dramatic growth defect with added Hse (Fig. 3A) , very similar deacylation rates were observed for Hse-tRNA Ser relative to Ser-tRNA Ser . In addition, Thr-tRNA Ser is a good substrate for ProXp-y, but not for ProXp-z, the only major difference in specificity observed for these two homologs.
Distribution of AlaXp, ProXp-y, ProXp-z, and LysU. The editing domain of AlaRS and the trans-editing domain AlaXp display similar capabilities for deacylating Ser-tRNA Ala (23) . Because ProXp-y and -z also deacylate Ser-tRNA Ala , we investigated the distribution of the three trans-editing proteins. Of 1,597 genomes examined representing all kingdoms of life, 44% (37% when only bacteria are considered) encode at least one of these transediting domains. Because ProXp-y and -z are not encoded in archaea and are present in only a very few eukaryotes, only bacteria were considered further. No bacteria encode all three trans-editing domains, and there is very little overlap between ProXp-y and ProXp-z (10 species encode both) or between ProXp-z and AlaXp (11 species encode both). However, 51 species encode both AlaXp and ProXp-y (Fig. S7 ). An analysis of all bacterial genomes reveals 10 species (two Clostridium species and eight species of Gammaproteobacteria) that encode both Fig. 3 . Effect of amino acids and antibiotics on the growth of E. coli WT and proXp-y-null strains. (A) Effect of Ser, Thr, and Hse on the growth of WT (black bars) and proXp-y-null (gray bars) strains with LysS, LysU, or SerRS overexpression. E. coli WT and proXp-y-null strains were transformed with overexpression plasmids encoding lysS, lysU, or serS genes and were cultured at 37°C overnight. Cells then were washed and inoculated into M9 minimal medium containing no amino acids (No) or 5 mM Ser, Thr, or Hse. Growth curves were monitored using the Omnilog system. The bars indicate the mean time to half-maximal OD 600 of three independent growth curves. N.G., no growth of cells during the time (48 h) monitored. (B) Growth assays of WT (black bars) and proXp-y-null (gray bars) strains in the presence of kanamycin (Kan), neomycin (Neo), or streptomycin (Strep). The y axis indicates the area of the clearing zone, which was calculated by measuring the diameter of the circle in which no growth was observed. Error bars indicate the SD based on three independent experiments. Lys, Ala, Val, Ile were tested also. All assays were carried out in triplicate as described in Experimental Methods; error bars indicate SD. lysS and lysU. Although the Clostridium species do not encode proXp-y or proXp-z, 100% of the lysU-containing genomes in Gammaproteobacteria also encode proXp-y.
Discussion
As a key step in maintaining high fidelity in protein synthesis, catalysis of aa-tRNA formation by ARSs is balanced between efficiency and specificity. Although the active sites of ARSs reject most noncognate amino acids in the "primary sieve," their ability to differentiate proteinogenic and nongenetically encoded amino acids from cognate substrates is challenged by smaller and structurally related amino acids. Thus, "double-sieve" and "triple-sieve" editing mechanisms have evolved in all three kingdoms of life and become essential under certain growth conditions, including environmental stress (22, 35) .
Previously, two trans-editing domain homologs of the bacterial ProRS INS domain, YbaK and ProXp-ala, were shown to deacylate known ProRS editing errors, with specificity for Cysand Ala-tRNA Pro , respectively. YbaK gains tRNA Pro specificity through interaction with ProRS (36), whereas ProXp-ala recognizes tRNA Pro through interaction with the same acceptor stem identity elements as bacterial ProRS (26, 37) . Here, we show that two other INS domain homologs, ProXp-y and ProXp-z, have specificity for Ser-and Thr-tRNAs and therefore are unlikely to clear ProRS mischarging errors. Instead, based on in vitro studies, these enzymes are capable of clearing mischarging errors caused by LysRS (Ser/Hse-and Thr-tRNA . Given their in vitro specificity, we renamed ProXp-y "ProXp-ST1" and ProXp-z "ProXp-ST2" (Fig. 6) . ProXp-ST1 and -ST2 have very similar specificities in vitro and are more similar in sequence to each other than to other INS homologs (26), although they differ in a residue that is critical for activity in all INS homologs investigated to date (38) . With the exception of ProXp-ST2, a Lys residue (K52 in E. coli ProXp-ST1) is strictly conserved in the active site of all INS-like domains and is proposed to play a role in A76 phosphate backbone recognition and substrate positioning (38, 39) . In the case of ProXp-ST2, this residue is a strictly conserved Asn (see sequence alignment in Fig. S8A) . B. parapertussis N66A ProXp-ST2 failed to deacylate Ser-tRNA Thr unless very high concentrations (∼8 μM) of enzyme were added, as is consistent with a role for N66 in substrate binding (Fig. S8B) .
With the exception of LysRS and SerRS, all the other synthetases listed in Fig. 6 have known cis posttransfer editing capability, and in some cases trans-editing domains exist also. For example, redundant mechanisms exist for correcting errors made by AlaRS caused by the similar structure of Ser relative to cognate Ala (2) . AlaXp, ProXp-ST1, and ProXp-ST2 can all deacylate Ser-tRNA Ala , and their distribution is not always exclusive (Fig.  S7 ). In the organisms where they do not overlap, differing environmental conditions may determine which enzyme is needed. In cases where there is overlap with AlaXp, the ProXp domains may have been retained for a function other than Ser-tRNA Ala deacylation.
The ability to differentiate Ser and Thr from cognate substrates appears to be particularly challenging for ARSs, because at least 6 of the 20 synthetases misactivate these amino acids. ThrRS readily misactivates Ser, and in most species ThrRS encodes an N-terminal posttransfer editing domain to clear SertRNA Thr (10) . In several crenarchaeal species, the editing domain ThrRS-ed is encoded as a separate trans-editing factor (25) . Interestingly, in E. coli the ThrRS editing function is severely impaired under oxidative stress conditions, and this phenotype is attributed to an oxidized Cys residue in the editing domain active site (22) . We hypothesize that trans-editing factors may be required to clear Ser-tRNA Thr when ThrRS editing function is lost. All trans-editing factors identified to date are related to class II synthetase editing domains (AlaRS, ThrRS, and ProRS) and are believed to assist in editing of tRNAs mischarged by these same synthetases. However, we show here that ProXp-type editing domains are able to deacylate a wide variety of tRNAs, including those potentially mischarged by class I IleRS and ValRS. Although Thr-tRNA Ile and -tRNA Val were robustly deacylated by both ProXp-ST1 and -ST2, both these synthetases possess editing domains that clear these mischarged tRNAs under normal conditions. Although it is possible that the ProXp-type domains perform a redundant editing function under certain conditions, differences in aminoacylation kinetics between class I and class II ARSs suggest that trans editing may not be required for tRNAs charged by class I synthetases (40) . Product release is rapid in class II ARSs, unlike class I enzymes in which this step is rate limiting (41) . Thus, class I ARSs remain bound to their substrates long enough to edit any misacylated tRNA before release and normally would not require proofreading by a trans-editing factor (42) . In the assay demonstrating ThrRS protection, we also expect that class II ThrRS releases the substrate rapidly; however, ThrRS competes effectively with ProXp-ST1 and -ST2 in rebinding the cognate Thr-tRNA Thr substrate and therefore protects it from hydrolysis. LysRS is a class II synthetase with no known posttransfer editing capability, despite reported mischarging of a variety of protein and nonprotein amino acids in vitro (32) . Based on the results reported here, we propose that mischarging errors caused by LysRS are the primary substrates for ProXp-ST1 and -ST2 (Fig. 6) . We hypothesize that these domains are required under conditions of cellular stress, which is when LysU levels are elevated. The overlapping distribution of lysU and proXp-y in Gammaproteobacteria supports a functional relationship between these two genes in this phylum. However, many species that encode ProXp-ST1 and/or ProXp-ST2 do not encode LysU (e.g., B. parapertussis). In these cases, LysS may be more error prone, especially under conditions of cellular stress, requiring the existence of a trans-editing factor.
Environmental stress and other factors may result in an imbalance of amino acid levels in the cell, and these imbalances can pose a difficult challenge for the fidelity of ARSs. In addition to Ser/Thr ambiguity, Hse is a structurally related nonprotein amino acid that is misactivated by LysRS (5) and is readily imported into the cell, resulting in toxic effects. Although the exact mechanism of Hse toxicity is unknown, Thr can rescue the effect, and it is proposed that the toxic effects may be caused by the misincorporation or misfolding of proteins (43) . In addition to LysU, our results showed that Hse is detrimental to the proXp-y-null strain in the presence of overexpressed SerRS. However, our in vitro deacylation studies showed that HsetRNA Ser is not a very good substrate for ProXp-ST1 or -ST2 (Fig.  5) . We hypothesize that overexpression of SerRS together with Hse may result in mischarging of noncognate tRNAs in vivo, as previously reported (44) . Alternatively, because Hse is an intermediate in the biosynthetic pathway to Thr (43) , elevated levels of Hse may result in increased Thr in the cell. Metabolomic studies to measure the levels of amino acids inside cells directly under a variety of conditions will be needed to address these open questions.
In summary, although ProXp-ST1 and -ST2 are homologs of the ProRS editing domain, they do not edit tRNA Pro substrates. These multifunctional domains edit multiple amino acids (Ser, Hse, and Thr) and lack significant tRNA specificity, although ProXp-ST2 does not readily deacylate aa-tRNA
Ser . This tRNA encodes a universally conserved G73 in bacteria (45) , which may prevent deacylation by this factor. Indeed, mutation of E. coli tRNA Lys A73 to G73 abolished the deacylation activity of ProXp-ST2 but had little effect on the activity of ProXp-ST1 (Fig. S6 E and F) . These results indicate either that A73 serves as an important positive recognition element for ProXp-ST2 or, alternatively, that the presence of other nucleotides such as G at this position acts as an anti-determinant to prevent deacylation. Both domains fail to deacylate Thr-tRNA Thr in the presence of cognate ThrRS, and promiscuous editing of Hse, a nonprotein amino acid, would not be expected to be detrimental to the cell. Studies to explore the tRNA and protein-binding partners of E. coli ProXp-ST1 under different conditions are under way to help define the biological function of these proteins. It has been estimated that nearly 37% of E. coli enzymes are generalists with multiple substrates, shaped by the metabolic network under certain environmental circumstances (46) . Trans-editing proteins such as ProXp-ST1 and ProXp-ST2 clearly fit into this category, with the ability to act on multiple aa-tRNA substrates depending on the pressures experienced by the cellular translational machinery.
Experimental Procedures
Materials and Strains. All amino acids and chemicals were purchased from Sigma-Aldrich unless otherwise noted. [α-32 P]ATP was from PerkinElmer Life Sciences. E. coli strain BW25113 (lacI q rrnB T14 ΔlacZ WJ16 hsdR514 ΔaraBAD AH33 ΔrhaBAD LD78 ) and the proXp-y-null strain (Δyeak, JW1776) from the Keio collection were obtained from the Coli Genetic Stock Center (47) . The plasmid pCP20, which carries the FLP recombinase, was used to remove the kanamycin cassette from JW1776 mutants (48) . Plasmids encoding each ARS gene in vector pCA24N (-gfp) were from the ASKA collection (49) .
Growth Curve Assays. M9 minimal medium supplemented with 0.4% glucose and indicated concentrations of amino acids was used in all growth curve assays. E. coli cells were grown in LB medium overnight (for strains carrying ARS expression plasmids, 20 μg/mL chloramphenicol was added), collected, and washed twice with minimal medium. Cells were diluted to an OD 600 of 0.01 and were grown at 37°C in M9 minimal medium in the presence of Biolog Redox Dye Mix MA and 0.005 mM β-D-1-thiogalactopyranoside (IPTG) and in the absence or presence of the indicated concentration of specific amino acids. Cell growth was monitored at 37°C for 48 h using the Omnilog system (Biolog Inc.).
Halo Assays. Overnight cultures of WT and proXp-y-null strains grown in LB medium were diluted 1:100, and 1-mL aliquots were pipetted onto LB plates. Plates were dried, and a 200-μL plug was made in the middle of the plates. Solutions of kanamycin (33 mg/mL), neomycin (10 mg/mL), or streptomycin (50 mg/mL) (100 μL each) were allowed to absorb into the plates, which were incubated at 37°C overnight followed by measurement of the diameter of the clearing zone. All conditions were tested in triplicate.
Enzyme Preparation. The E. coli proXp-y gene was cloned into pET15b with an N-terminal His-tag and was overexpressed in E. coli BL21 (DE3) by the addition of 0.1 mM IPTG and incubation for 12 h at room temperature. The B. parapertussis pa2301 gene sequence encoding ProXp-z was codonoptimized for expression in E. coli and cloned into pET15b (Novagen) by Genewiz. ProXp-z overexpression was carried out in E. coli BL21 (DE3) as described for ProXp-y. To prepare ProXp-y and ProXp-z proteins, cells were pelleted by centrifugation at 4,300 × g for 20 min at 4°C. Buffer containing 50 mM NaH 2 PO 4 (pH 7), 300 mM NaCl, and 10 mM β-mercaptoethanol was used for cell lysis, followed by sonication. The His-tagged proteins were purified using HIS-select nickel resin and were eluted with an imidazole gradient. Fractions containing protein were concentrated using Amicon ultra centrifugal filters and were stored in 50 mM NaH 2 PO 4 (pH 7), 150 mM NaCl, and 40% glycerol at −20°C. WT E. coli ThrRS, E. coli C666A/Q584H AlaRS (11), E. coli K279A ProRS (14) , E. coli T222P ValRS (50), E. coli LysRS, E. coli SerRS, and E. coli tRNA nucleotidyltransferase (51) were prepared as described above. Protein concentrations were determined by the Bradford assay (Bio-Rad). Lys were prepared by in vitro transcription using T7 RNA polymerase as previously described (13) . All tRNAs were 3′-[ Pro , and Ile-tRNA Ile was carried out using biotinylated dinitro-flexizyme and Ser-3,5-dinitrobenzyl ester (Ser-DBE), Leu-DBE, or Ile-DBE as described (52) . Thr-tRNA Ser and Thr-tRNA Ile were prepared using enhanced-flexizyme and Thr-4-chlorobenzyl thioester (Thr-CBT) (52) . E. coli C666A/Q584H AlaRS was used for preparation of E. coli Ala-, Gly-, and Ser-tRNA Ala ; E. coli K279A ProRS was used for preparation of Ala-and ProtRNA Pro ; E. coli WT ProRS was used for preparation of Cys-tRNA Pro ; E. coli T222P ValRS was used for preparation of Val-and Thr-tRNA
Val ; E. coli LysRS was used for preparation of Lys-, Ser-, and Thr-tRNA Lys ; E. coli ThrRS was used for preparation of Thr-tRNA Thr ; and E. coli SerRS was used for preparation of Hse-tRNA Ser . Following aminoacylation reactions using standard protocols (26) , aa-tRNAs were phenol chloroform-extracted followed by ethanol precipitation. Substrates for deacylation assays were stored as pellets at −80°C. Mischarging assays of Hse-tRNA Ser were performed at 37°C with WT E. coli SerRS (3 μM) in the presence of trace amounts of E. coli [ 32 P]tRNA Ser , unlabeled E. coli tRNA Ser (8 μM), and Hse (5 mM). Reactions were initiated by addition of E. coli SerRS following standard protocols (24) .
Deacylation Assays. In vitro deacylation assays were performed at 20-25°C in reactions containing ∼0.75 μM [ 32 P]-labeled aa-tRNA, 50 mM Hepes (pH 7.5), 2 mM DTT, 20 mM KCl, 5 mM MgCl 2 , 0.1 mg/mL BSA, and 15 μg/mL inorganic pyrophosphatase. Reactions were initiated by addition of 0.5 μM E. coli ProXp-y or B. parapertussis ProXp-z and were quenched at the indicated time points by putting 2 μL of the reaction into 6 μL of a solution containing 200 mM NaOAc (pH 5.5) and 0.5 U/μL of P1 nuclease. The reaction products (aa-[
32 P]AMP and [ 32 P]AMP) were analyzed on polyethyleneiminecellulose TLC plates as previously described (51) . Graphical analysis was performed using SigmaPlot (Systat Software) with error bars representing the SD of triplicate measurements. Reactions to measure spontaneous (no enzyme) hydrolysis were performed for each aa-tRNA substrate and were subtracted from deacylation reactions with enzyme. In addition, all aa-tRNA preparations were shown to be fully deacylated under basic conditions (0.1 mM NaOH).
Bioinformatic Analysis of the Distribution of ProXp-y, ProXp-z, AlaXp, and LysU in All Kingdoms of Life. Complete annotated and curated reference proteomes were downloaded from UniProt (www.uniprot.org/). Selecting only one strain per species, we obtained a final dataset of 1,597 complete proteomes, which included 119 Archaea, 1143 Bacteria, and 335 Eukarya. Structure-guided multiple sequence alignments of experimentally validated AlaXp, ProXp-y, ProXp-z, and LysU sequences were built using T-coffee (53) and were converted into hidden Markov model (HMM) profiles using HMMER 3.0 (54). Each HMM profile then was used to query our dataset of reference proteomes using HMMER. To distinguish hits that belong to the functional group of interest (i.e., AlaXp, ProXp-y, ProXp-z, and LysU) from those that are homologous editing domains that belong to a functionally different group (e.g., YbaK), the hits obtained by the HMM profile searches were annotated manually and curated using phylogenetic analysis, using the HMM alignments of the hits as input for the PHYLIP package (55) . Therefore, ProXp HMM hits were classified into ProXp-x, ProXp-y, ProXp-z, ProXp-ala, INS, and YbaK, and AlaXp HMM hits were classified into trans-editing AlaXp domains AlaRS, ThrRS, and TrpRS. In contrast, LysU sequences did not form an independent phylogenetic cluster in our analysis and thus could not be distinguished from LysS. Therefore, to identify LysU members, we first filtered the LysRS hits by size (removing LysX and PoxA members), leaving only LysU and LysS candidates. Among this set of filtered LysRS hits, we defined LysU-containing species as those for which we found two LysRS genes in the same species within our filtered dataset of LysRS hits.
